A scandium triflate (ScOTf) 3 catalyzed methodology has been developed to synthesize esters from primary amides. Various primary and secondary aliphatic alcohols have been shown to react in n-heptane with a range of primary amides for 24 h.
metals, 4 and organocatalysts, 5 as well as stoichiometric amounts of promoters.
6
Direct alcoholysis of amides with alcohols has been carried out using three main methods. The first method is the direct activation of an amide using activating agents, early examples used silicon or boron fluorides. 7 More recent examples used stoichiometric amounts of activating agents such as amide acetals (dimethylformamide dimethyl acetal), 8 tellurium ethoxide, 9 phosphates, 10 or triflic anhydride based protocols. 11 Other methods used a titanium catalyst and required a stoichiometric amount of hydrochloric acid. 12 The second method uses twisted amides to increase the susceptibility of the amide to nucleophilic attack via disruption of the amide bond resonance. 13 The third method uses directing-groupassisted activation of the amide bond, this ligand-like binding of an intramolecular heteroatom increases the susceptibility of the carbonyl toward nucleophilic attack. 14 However, in all cases, stoichiometric activators or tailored substrates were necessary. Mashima recently described an excellent and simple cooperative catalytic system using scandium triflate in combination with a boronic ester for the alcoholysis of a non-activated amide, however, a large excess of alcohol was required. 15 As such, we chose to investigate a general, metal-catalyzed methodology for the alcoholysis of amides not requiring the alcohol substrate as the reaction solvent.
Identification of a suitable catalyst began by examining the alcoholysis, at 10 mol % loading, of n-hexanamide (1) with benzyl alcohol (2) ( Table 1) . Our choice of catalyst was influenced by previous work investigating the activation of amides using zirconocene dichloride (Cp 2 ZrCl 2 ).
3h Only Sc(OTf) 3 showed catalytic activity for the alcoholysis reaction (entry 3), with no activity seen with Cp 2 ZrCl 2 or a titanium-based catalyst (entries 1 and 2). Increasing the temperature and reducing the catalyst loading gave 89% conversion into the ester 3a (entry 4). Little or no catalytic activity was observed with other lanthanide triflates or with Mg(OTf) 2 (entry 5). 16 Only 23% conversion into ester 3a was observed using triflic acid (15 mol %) (entry 6), highlighting the reaction dependence on Sc(OTf) 3 . Increasing the concentration and equivalents of alcohol lowered the overall conversion, albeit marginally with regard to the equivalents of alcohol.
16
Sc(OTf) 3 is known to be a water tolerant Lewis acid catalyst, 17 and we therefore investigated the tolerance of the reaction toward the presence of water. Interestingly, the use of anhydrous Sc(OTf) 3 in combination with anhydrous n-heptane resulted in reduction in the overall conversion to 80%. 16 Conversely, increasing the amount of water present did not increase conversion into the ester product, with 74% conversion seen with two equivalents of water present (entry 7). 
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Tetrahedron Letters j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / t e t l e t Interestingly, throughout the optimization process, no symmetrical ether (dibenzyl ether) formation was observed. 18 Additionally, no benzylated amide products or n-hexanoic acid were observed. Using our optimized conditions (Table 1 , entry 8) with Sc(OTf) 3 (5 mol %), we went on to explore the substrate scope of this reaction with respect to the alcohol ( Table 2) . Alcoholysis of n-hexanamide with a variety of benzyl alcohols afforded the corresponding esters in moderate to excellent yields. Electron-withdrawing groups on the aryl ring gave reduced yields of products, likely due to the reduced nucleophilicity of the alcohol (entries 2 and 3). With electron-rich alcohols it was seen that a significant amount of the symmetrical ether was observed, notably with 4-methoxybenzyl alcohol only 55% conversion into product was observed and 13% conversion into symmetrical ether. However piperonyl alcohol gave a much cleaner reaction with only 2% of the symmetrical ether observed (entry 4). The straight chain alcohol n-octanol reacted cleanly to give 91% yield (entry 6). Other alcohols such as 3-phenylpropyn-1-ol and geraniol reacted cleanly, giving the corresponding esters in high yields without ether formation (entries 7 and 8).
Unfortunately, cyclohexanol only gave 34% conversion into the ester at 100°C (entry 9). However, simply increasing the temperature to 125°C for this substrate and for other secondary alcohols resulted in good yields of ester products (entries 9-11), for both acyclic and cyclic secondary alcohols. L-Menthol reacted cleanly giving the ester product (entry 10) whilst maintaining the enantiomeric purity (>99% ee by HPLC). When secondary benzylic alcohols were used, such as 1-phenylethanol, a significant amount of symmetrical ether was observed. 19 It was noted that even at 125°C no reaction occurred under optimized reaction conditions (Table 2) , between phenol and n-hexanamide. Alcoholysis of primary amides was also investigated using benzyl alcohol (Table 3) . 2-Phenylacetamide reacted cleanly to give a 90% yield of ester product (entry 1). Alkyl halides were also tolerated; 2-chloropropionamide gave a modest yield of 55% of the corresponding benzyl ester (entry 2). Higher temperatures were required for less reactive amides, however good yields of 78% and 71% were obtained for both benzamide and thiophene-2-carboxamide (entries 3 and 4, respectively). Even at these higher temperatures, only a 39% yield of benzyl pivalate was obtained (entry 5). Secondary and tertiary amides, specifically N-methylacetamide and N,N-dimethylacetamide, showed no reaction with benzyl alcohol at 125°C, highlighting the specificity of the reaction toward primary amides.
Competition reactions were carried out to determine the reactivity in comparison with carboxylic acids and esters (Scheme 1).
On reaction of ethyl hydrocinnamate and 2-phenylacetamide with one equivalent of benzyl alcohol an 89% total conversion into benzyl ester products was observed (Scheme 1). Of the converted starting materials, a 61:39 ratio of alcoholysis product (4a) to transesterified product (4f) was seen indicating the greater reactivity of the amide over the ester. Interestingly, although a lower total conversion of 67% was observed, esterification of the hydrocinnamic acid proceeded more quickly than the alcoholysis of the primary amide with an observed ratio of 24:76 (4a:4f).
The use of symmetrical aryl ether 5 in the reaction did not yield any ester product (Scheme 2). Even with 0.5 equiv of water present, no reaction was seen indicating that the reaction pathway did not proceed via ether formation and subsequent fragmentation.
To a 1:1 mixture of n-hexanamide-n-octanol in CDCl 3 at 30°C, increasing amounts of Sc(OTf) 3 were added. Analysis of both the 1 H and 13 C NMR spectra showed a downfield shift of both the NH amide signals, in the 1 H NMR, and the carbonyl signal in the 13 C NMR, clearly indicating coordination to the scandium atom (Table 4) . As such, a mechanism analogous to that of the Fischer esterification of carboxylic acids is proposed, via activation of the amide to nucleophilic attack through carbonyl coordination. The significantly low solubility of ammonia in the reaction solvent, as Table 2 Alcoholysis scope using n-hexanamide a n-Pent well as the temperature at which the reactions are carried out, will also favor the product formation via loss of ammonia from the reaction system.
In conclusion, we have developed a Sc(OTf) 3 -catalyzed methodology for the synthesis of esters using primary amides and alcohols. By proceeding in hydrocarbon solvents, only 1.2 equiv of alcohol were required for alcoholysis of primary amides. This method provides a complementary method to existing protocols where using the reacting alcohol as the reaction medium would not be feasible. Competition reactions highlight the greater reactivity, under these conditions, toward nucleophilic acylation reactions of primary amides rather than esters. Mechanistic studies revealed the activation of the primary amide by scandium, as demonstrated by analysis of both 1 H and 13 C NMR spectra. 
